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ABSTRACT  / 

1?\ Wind  and  water  tunnel  tests  have  been  conducted  of 
a  NACA  16-309  section  with  the  standard  a  *  1.0  camber  line 
and  equipped  with  a  251  flap-chord  ratio,  simple,  sealed  flap. 
Differences  between  test  results  from  the  two  facilities  are 
discussed,  as  well  as  the  effect  of  placing  roughness  strips 
near  the  leading  edge.  Results  are  given  showing  the  dependency 
of  for  e,  moment  and,  in  partlular,  cavitation  inception  on 
Reynolds  number  over  the  range  from  1.25  x  to  4.0  x  10* . 


I  D  +0  -HU  k-fk  jVS'Ajt’f' 


On  a  fait  subir  a  une  section  du  profil  aerodynamique 


NACA  16-309  (code  de  reference  normalise  a  1.0)  munie  d'un 
volet  hypersustentateur  etanche  simple  ayant  un  rapport  volet/ 
corde  de  profil  de  25X  des  essais  en  galerie  hydraulique  et  en 
galerie  aerodynamique.  On  discute  des  differences  qui  existent 
entre  les  resultats  obtenus  dans  l'une  et  l'autre  des  instal¬ 
lations  ainsi  que  des  effets  produits  par  la  mise  en  place  de 
bandes  de  resistance  pres  du  bord  d'attaque.  On  presente  les 
resultats  ayant  trait  a  la  force  de  sustentation,  au  moment  et, 
en  particuller,  a  la  cavitation  sur  une  gamme  de  nombres  Reynolds 
allant  de  1.25  x  106  a  4.0  x  106. 
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1.  INTRODUCTION 


The  NACA  16  Series  family  of  airfoil  sections  has 
found  considerable  use  in  fully-submerged  hydrofoil  systems, 
both  with  incidence  control  and  with  a  simple,  sealed,  trailing 
edge  flap  for  control  purposes.  Favourable  cavitation  charac¬ 
teristics  make  these  sections  attractive  for  high-speed,  sub- 
cavitating  hydrofoil  design,  but  this  usefulness  is  offset  to 
some  extent  by  a  susceptibility  to  trailing  edge  flow  separ¬ 
ation.  These  sections  are  designed  to  have  a  low  drag  at 
moderate  subsonic  Reynolds  numbers  by  maintaining  an  extensive 
laminar  flow.  However,  at  Reynolds  numbers  appropriate  to 
full-scale  hydrofoil  applications  (approaching  5  x  10 7) ,  the 
flow  will  be  turbulent  over  most  of  the  section. 

In  order  to  investigate  flapped  hydrofoils  of  this 
type,  two-dimensional  wind  and  water  tunnel  tests  were  made  on 
a  16-309  section  with  the  standard  a  -  1.0  camber-line  and  a 
25%  flap-chord  ratio.  The  wind  tunnel  tests1  were  made  on  a 
30  inch  chord  model  in  the  6  ft  by  9  ft  wind  tunnel  of  the 
National  Aeronautical  Establishment,  Ottawa.  Two  series  of 
water  tunnel  tests2  took  place  in  the  High  Speed  Circulating 
Water  Tunnel  of  the  Graduate  Aeronautical  Laboratories  at  the 
California  Institute  of  Technology,  Pasadena. 

The  wind  tunnel  tests  and  the  first  of  the  water 
tunnel  test  series  have  been  reported  separately1*2.  They  show 
a  large  measure  of  agreement  but  there  are  significant  dif¬ 
ferences.  There  are  also  inconsistencies  between  the  cavit¬ 
ation  inception  data  measured  in  the  two  water  tunnel  test 
series.  It  is  with  these  differences  and  inconsistencies 
that  this  report  is  largely  concerned. 

The  maximum  full  chord  Reynolds  number  that  could  be 
obtained  in  either  test  facility  was  about  4  x  10s,  a  valr.e  at 
least  an  order  of  magnitude  lower  than  is  typical  for  a  fill 
size  hydrofoil.  The  comparatively  small  model  test  values  were 
of  concern  because  boundary  layer  flow  conditions  and  cavxtation 
Inception  are  both  sensitive  to  Reynolds  number,  making  scaling 
errors  likely.  Wind  tunnel  data  were  taken  at  two  Reynolds 
numbers  in  order  to  allow  some  assessment  of  this.  In  the  water 
tunnel,  the  sensitivity  of  force,  moment  and  cavitation  incep¬ 
tion  data  to  Reynolds  number  variation  was  investigated.  How¬ 
ever,  because  of  limited  available  tunnel  time,  these  tests  were 
performed  for  only  a  very  few  combinations  of  data.  Subsequently, 
the  'cavitation  dependence  data  were  augmented  by  a  second  series 
of  water  tunnel  tests  which  included  tests  with  roughness  strips 
to  stimulate  turbulence  transition  at  the  leading  edge. 


2.  MODELS  AND  TEST  PROGRAM 


2 . 1  Models  and  Measurements 

Both  the  wind  and  water  tunnel  tests  were  two- 
dimensional,  with  the  models  occupying  the  full  span  of  each 
test  facility.  The  wind  tunnel  model,  shown  in  Figure  1,  was 
6  feet  in  span,  30  inches  in  chord  and  made  of  solid  aluminum. 
The  size  of  the  model  enabled  it  to  be  constructed  with  great 
accuracy  and  to  incorporate  a  fine  grid  of  pressure  ports  for 
detailed  measurement  of  the  pressure  distribution  over  the  main 
body  and  over  the  trailing  edge  flap.  Lift  and  pitching  moment 
measurements  were  made  using  the  wind  tunnel  dynamometer.  Drag 
measurements  reported  here  were  obtained  from  a  wake  survey  at 
center  span  since  this  is  an  inherently  accurate  method,  un¬ 
affected  by  interference  and  other  errors  which  can  affect  drag 
measurements  by  dynamometer. 

The  much  smaller,  six-inch  span,  stainless  steel  model 
shown  in  Figure  2  was  tested  in  the  C.I.T.  High  Speed  Water 
Tunnel,  using  the  two-dimensional  test  section3.  This  test 
section  is  50  inches  long  by  30  inches  high  by  6  inches  span 
and  was  specially  developed  for  investigating  the  section 
characteristics  of  hydrofoils,  particularly  cavitation.  For 
these  tests,  lift,  drag  and  pitching  moment  were  also  measured, 
but  the  small  size  of  the  model  and  the  general  difficulties 
of  water  tunnel  dynamometer  measurements  gave  lower  accuracies 
than  the  wind  tunnel. 

Drag  was  considered  the  most  difficult  measurement 
in  the  water  tunnel  because  it  is  a  low  value  measurement  made 
in  the  presence  of  comparatively  high  lift  and  pitching  moment 
values.  Moreover,  it  is  necessary  to  correct  for  significant 
tare  forces  originating  at  the  model  base.  This  base  was  a  six 
inch  diameter  disc  which  mounted  the  model  to  the  dynamometer 
and  which  was  arranged  to  fit  flush  with  and  form  part  of  the 
tunnel  wall.  A  further  complication  resulted  from  the  unavoid¬ 
able  gap  between  the  free  end  of  the  model  and  the  opposite 
tunnel  wall.  This  gap  measured  0.030  inch  at  atmospheric 
pressure  for  most  data  presented  here  but  was  reduced  to  0.020 
inch  for  some  experiments.  The  width  of  the  gap  changed  as 
tunnel  pressure  was  increased  or  decreased  to  control  the  cavit¬ 
ation  number  of  the  flow. 

The  profile  accuracies  of  the  wind  and  water  tunnel 
models,  given  for  center  span  but  typical  of  the  measurements  as 
a  whole,  are  compared  in  Figure  3  on  the  basis  of  the  profile 
error-to-chord  ratio.  It  is  difficult  to  obtain  high  profile 
accuracy  at  reasonable  cost  in  the  comparatively  small  stain- 
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less  steel  models  used  in  the  water  tunnel.  In  absolute  terms, 
the  profile  accuracies  of  the  two  models  are  not  greatly  dif¬ 
ferent,  but  expressed  as  a  percentage  of  maximum  chord,  the 
wind  tunnel  model  Is  clearly  superior.  The  surface  finish  of 
both  models  was  judged  to  be  fair  and  smooth,  but,  again  due  to 
Its  small  size,  the  water  tunnel  model  was  probably  proportion¬ 
ally  the  rougher. 

2 . 2  Reynolds  Numbers  and  Test  Conditions 

Wind  tunnel  measurements  were  made  mainly  at  the  two 
Reynolds  numbers  of  1.90  x  10  and  4.05  x  106  and  covered  the 
ranges  of  -10°  to  +15°  flap  angle  and  -4°  to  6°  angle  of  attack 
(Table  1).  Most  of  the  initial  series  of  water  tunnel  tests 
(Series  I)  were  made  at  a  nominal  Reynolds  number  of  2.5  x  106 , 
but  in  addition,  for  four  angle  settings  given  by  0°  and  2°  angle 
of  attack  (a)  and  0°  and  5°  flap  angle  (6),  tests  in  this  series 
were  made  at  Reynolds  numbers  of  1.25,  2.0,  2.5,  3.5  and  4.0  x 
10e  (Table  2).  The  object  of  these  latter  tests  was  to  determine 
the  Reynolds  number  sensitivities  both  of  cavitation  occurrence 
and  of  the  measured  forces  and  moments.  The  Series  II  water 
tunnel  tests,  made  to  augment  these  sensitivity  data,  were  con¬ 
cerned  with  cavitation  occurrence  only.  Observations  were  made 
for  1°  increments  of  angle  of  attack  over  the  range  from  -4°  to 
+4°  and  at  the  two  flap  angles  of  0°  and  5°.  Reynolds  numbers 
ranged  between  1.25  x  106  and  4.20  x  106  (Table  3). 

In  the  interval  between  the  Series  I  and  Series  II 
tests,  the  water  tunnel  was  equipped  with  a  new  honeycomb  flow¬ 
straightening  element.  As  a  result,  flow  turbulence  was  re¬ 
ported  by  CIT  to  have  decreased  from  0.08%  to  an  extremely 
low  value  of  0.03%,  as  measured  in  the  general  purpose  test 
section.  Air  content  also  decreased  somewhat  from  about  13 
parts  per  million  in  Series  I,  to  about  10  parts  per  million 
in  Series  II.  The  wind  tunnel  turbulence  value  has  been  given1* 
as  between  0.1  and  0.2%. 


3.  FORCE  AND  MOMENT  DATA 


3 . 1  Wind  Tunnel  Measurements 

As  noted  in  the  introduction,  the  flow  is  turbulent 
over  most  of  the  section  at  full-scale  Reynolds  numbers.  At 
the  test  Reynolds  numbers,  however,  the  point  of  transition  is 
only  just  starting  to  move  forward  of  the  pressure  recovery 
region  near  the  trailing  edge  with,  in  consequence,  an  enhanced 
sensitivity  of  the  boundary  layer  to  small  changes  in  Reynolds 
number  or  flow  conditions.  This  makes  scaling  and  extrapolation 
to  full  scale  Reynolds  numbers  impossible.  The  conventional 
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solution  to  these  problems,  adopted  in  these  tests,  is  to  locate 
transition  tripping  devices,  such  as  roughness  strips,  near  the 
leading  edge  of  the  section. 

The  section  lift  characteristics  are  seen  from  Figure 
4  to  exhibit  marked  discontinuities  in  the  transition-free  con¬ 
dition,  that  is,  without  the  addition  of  roughness  strips.  It 
is  apparent  that  sharp  loss  of  lift  occurred  once  a  certain 
critical  angle  of  attack  was  exceeded,  particularly  at  the 
higher  test  flap  angles.  There  was  also  a  small  but  systematic 
change  in  these  critical  angles  of  attack  when  Reynolds  number 
was  changed  from  4.0  to  1.9  x  10 6. 

Sharp  increase  of  with  on  laminar  flow  sections 

is  classically  associated  with  a  sudden  forward  shift  in  the 
location  of  the  transition  point.  There  is  no  significant  loss 
of  lift  so  long  as  the  flow  remains  attached  but  in  this  case, 
transition  shift  is  accompanied  by  flow  separation  at  the  trail¬ 
ing  edge  of  the  flap.  The  flow  separation,  indicated  by  oil 
flow  visualisation  studies  and  by  surface  pressure  distribution 
plots,  develops  on  either  the  upper  or  lower  surface  of  the 
trailing  edge,  depending  on  the  angle  of  attack  and  flap  settings. 

The  transition-free  drag  characteristics  are  shown 
in  the  drag  polar  diagram.  Figure  5.  Data  points  on  the  curves 
corresponding  to  angle  of  attack  have  been  omitted  for  clarity, 
but  it  can  be  seen  that  the  values  of  lift  on  each  curve  at 
which  the  drag  sharply  Increases  correspond  to  the  inflections 
in  the  lift  characteristics  shown  in  Figure  4. 

Roughness  strips  were  added  at  5%  chord  on  the  upper 
and  lower  surfaces,  for  flap  angles  of  0°  and  6°,  to  fix  the 
transition  point  close  to  the  leading  edge  (the  "transition-fixed" 
condition)  and  establish  the  flow  as  turbulent.  The  resulting 
lift  values  are  shown  in  Figure  4  to  form  a  smooth  projection 
of  the  upper  part  of  the  lift  characteristics,  that  is,  the 
part  for  which  turbulent  flow  conditions  are  known  already  to 
apply. 


Oil  flow  visualisation  studies  were  made  at  6°  flap 
angle  with  transition-fixed,  to  determine  the  flow  separation 
characteristics  for  turbulent  flow  conditions.  These  showed 
flow  separation  to  occur  on  the  upper  surface  of  the  trailing 
edge  down  to  the  lowest  test  angle  of  attack  of  -4°.  They  also 
showed  the  point  of  separation  to  advance  smoothly  along  the 
chord  as  angle  of  attack  increased. 
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Transition  will  occur  more  readily  under  the  higher 
Reynolds  number  and  more  turbulent  conditions  normally  encount¬ 
ered  by  a  hydrofoil  in  a  seaway.  Thus,  under  practical  ocean 
conditions,  it  is  reasonable  to  expect  a  comparatively  smooth 
onset  of  trailing  edge  separation  and  avoidance  of  the  sharp 
discontinuities  characteristic  of  the  transition-free  wind 
tunnel  tests. 

3 . 2  Comparison  of  Wind  and  Water  Tunnel  Data 

Lift,  drag  and  quarter  chord  pitching  moment  data  are 
compared  in  Figures  6,  7  and  8  respectively.  The  small  degree 
of  cavitation  which  occurs  at  the  data  values  indicated  by 
arrows  probably  increases  the  lift  values  slightly  but  is  not 
important  to  this  discussion.  The  wind  tunnel  measurements  at 
6®  a  id  -4®  flap  angle  have  been  interpolated  where  necessary  for 
direct,  comparison  with  water  tunnel  measurements  made  at  +5® 
flap  angle.  No  artificial  turbulence  stimulation  was  used  for 
any  of  these  water  tunnel  force  and  moment  measurements. 


The  lift  characteristics  of  Figure  6  show  that  the 
water  tunnel  data  are  generally  in  agreement  with  the  wind 
tunnel  data,  provided  boundary  layer  flow  conditions  are  taken 
into  account.  For  the  5°  flap  angle  case,  the  water  tunnel 
lift  data  are  intermediate  between  the  transition-fixed  and 
transition-free  wind  tunnel  values  over  the  lower  part  of  the 
angle  of  attack  range.  This  suggests  that  flow  separation 
occurred  more  readily  in  the  water  tunnel,  and  data  for  the  0° 
and  10®  flap  angle  cases  are  also  consistent  with  this.  In  turn, 
increased  flow  separation  on  the  water  tunnel  model  suggests 
a  degree  of  turbulent  flow  not  achieved  on  the  wind  tunnel 
model  under  similar,  transition-free  conditions.  One  possible 
reason  is  that  the  degree  of  turbulence  in  the  water  tunnel 
flow  was  actually  higher  than  thought,  due  to  deterioration  of 
the  honeycomb  flow  straightening  element.  A  second  possible 
cause  is  the  proportionally  poorer  accuracy  and  surface  finish 
of  the  water  tunnel  model. 


Figure  7  shows  large  differences  between  the  wind  and 
water  tunnel  drag  data,  the  water  tunnel  measurements  being  much 
higher  over  most  of  the  range,  regardless  of  the  wind  tunnel 

boundary  layer  flow  condition.  As  noted  briefly  in  Section 
2.1  and  described  more  fully  in  Reference  2,  there  were  diffi¬ 
culties  in  measuring  the  comparatively  low  drag  forces  by  dynam¬ 
ometer  in  the  water  tunnel.  The  drag  measurements  made  by  wake 
survey  in  the  wind  tunnel  are  considered  inherently  more  reli¬ 
able,  and  thewater  tunnel  drag  data  have  been  largely  discounted. 

Quarter  chord  pitching  moment,  shown  in  Figure  8  as 
a  function  of  lift  coefficient  for  flap  angles  of  0®,  5®  and 
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10°,  is  dependent  primarily  on  the  effective  camber.  It  will 
therefore  be  Influenced  both  by  flap  angle  and  by  the  degree 
of  flow  separation.  The  data  show  a  good  measure  of  agreement 
where  flow  conditions  were  assumed  to  be  similar.  The  compara¬ 
tively  sharp  changes  in  pitching  moment  exhibited  by  the  trans¬ 
ition-free  wind  tunnel  model  are  consistent  with  the  lift  changes 
attributed  in  Section  3.1  to  flow  separation  over  the  trailing 
edge  of  the  flap. 

3 . 3  Reynolds  Number  Dependence  of  Force  and  Moment  Data 

Lift  and  quarter  chord  pitching  moment  are  shown  as 
functions  of  Reynolds  number  in  Figures  9  and  10  for  the  wind 
and  water  tunnel  models.  Again  there  is  a  large  measure  of 
agreement  between  the  data  from  the  two  facilities  when  bound¬ 
ary  layer  flow  conditions  are  taken  into  account.  This  is 
demonstrated  for  example  in  the  0°a,  5°6  case,  where  the  water 
tunnel  boundary  layer  evidently  changes  from  laminar  to  tur¬ 
bulent  over  the  Reynolds  number  test  range,  with  resulting  flow 
separation.  In  the  2°a,  5°6  case,  the  level  of  the  values  and 
their  comparative  lack  of  variation  indicate  that  flow  is 
separated  and  that  the  point  of  separation  is  stationary  over 
the  whole  of  the  Reynolds  number  test  range.  In  the  two  0° 
flap  angle  cases,  there  is  little  change  of  lift  and  Figure  6 
shows  that  any  lift  changes  resulting  from  flow  separation  at 
0°6  will  be  small.  Nevertheless,  more  distinct  evidence  of 
changes  due  to  transition  and  flow  separation  might  have  been 
expected  in  the  water  tunnel  data,  particularly  in  the  0°a, 

0  ’  6  case. 


4.  CAVITATION  DATA 


4.1  Test  Conditions 


Data  on  the  effect  of  Reynolds  number  on  cavitation 
inception  are  more  extensive  than  for  lift  and  pitching  moment, 
due  to  the  Series  II  tests  which  were  made  expressly  to  investigate 
this  more  thoroughly.  As  noted  in  Section  2.2,  the  tunnel  was 
equipped  with  a  new  honeycomb  flow-straightening  element  in  the 
interval  between  the  Series  I  and  Series  II  tests.  As  a  result, 
the  free  stream  flow  turbulence  in  the  two-dimensional  test 
section  almost  certainly  underwent  a  substantial  decrease. 

Whether  from  this  or  other  causes,  Series  II  leading  edge  cavit¬ 
ation  inception  numbers  with  natural  transition  were  often  sig¬ 
nificantly  lower  than  Series  I. 

Roughness  strips  were  applied  at  the  leading  edge  to 
stimulate  transition  in  an  attempt  to  improve  data  consistency. 
Application  proved  difficult  because  the  strips  deteriorated 
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rapidly  in  the  high  speed  flows.  As  a  result,  most  data  were 
restricted  to  the  0°  flap  angle  case  and  to  Reynolds  numbers 
of  3.05  x  106  or  less,  although  some  data  were  collected  for 
the  5°  flap  angle  case  and  for  Reynolds  numbers  up  to  3.98  x 
106. 

The  strips  had  to  be  applied  4  times,  giving  the  cases 
marked  A,  B,  C  and  D  in  the  data  plots.  The  dimensions  of  the 
strip  were  intentionally  varied  for  case  D.  The  inner  2  inches 
of  model  span  (the  balance  end)  was  invariably  left  smooth;  the 
center  2  inches  invariably  had  .002  inch  spherical  glass  beads 
top  and  bottom  over  the  first  1.3%  of  the  chord;  the  outer  2 
Inches  (the  free  end)  had  .005  inch  spherical  glass  beads  top 
and  bottom  over  the  first  2%  of  the  chord  for  application  D. 

A  typical  bead  dispersion  pattern  is  shown  in  Figure 
11.  A  dispersion  of  about  10%  by  area  was  sought,  but  coverage 
was  somewhat  variable  and  generally  a  little  higher  than  this. 
The  center  2  inches  of  span  tended  to  cavitate  marginally  more 
readily  than  the  outer,  even  though  the  bead  size  was  smaller. 
The  data  exhibited  some  scatter  and  some  apparent  differences 
for  different  roughness  strip  applications  but  these  are  con¬ 
sidered  more  likely  due  to  observation  difficulties  and  uncon¬ 
trolled  experimental  differences  than  to  systematic  changes  in 
the  roughness  characteristics. 

The  test  method  was  to  lower  the  tunnel  pressure 
slowly  until  full  cavitation  occurred  or  until  cavity  oscill¬ 
ations  became  excessive,  and  then  to  increase  the  pressure 
slowly.  Visual  observations  were  made  of  the  pressures  at 
which  cavitation  inception  and  desinence  occurred  at  the 
leading  edge,  upper  surface  mid-back  (approximately  50%  chord) 
and  upper  surface  hinge-line.  In  some  cases,  cavitation  occur¬ 
red  at  two  locations  simultaneously.  Only  the  cavitation  in¬ 
ception  indices  are  plotted,  partly  to  avoid  complication  of 
the  plots  and  partly  because  of  difficulty  in  judging  the 
effective  point  of  desinence. 

4 . 2  Discussion  of  Results 

The  results  for  0°  flap  angle  are  shown  in  Figures 
12  to  21  for  angles  of  attack  of  4°,  3°,  2°,  1°,  0®,  -1°,  -2° 
and  -4°;  and  for  the  5°  flap  angle  case,  for  2°  and  1°  angle  of 

attack.  Minimum  pressure  coefficient  values  (-C  min)  from  the 

P 

wind  tunnel  tests,  which  theoretically  correspond  with  the 
cavitation  inception  numbers,  have  been  included  for  comparison. 

Leading  edge  upper  surface  cavitation  cases  are  shown 
in  pigures  12,  13,  14,  20  and  21.  The  2°0t,  0°  6  case  of  Figure 
14  is  the  only  leading  edge  case  for  which  systematic  data  are 


available  for  Series  I  and  Series  II  water  tunnel  tests,  trans¬ 
ition-fixed  and  -free.  For  Series  I  data,  there  is  increasing 
agreement  with  the  wind  tunnel  -C^min  values  as  Reynolds  number 

increases  and  considerable  inconsistency  at  the  main  test  Rey¬ 
nolds  number  of  2.5  x  106.  The  t rans i t ion- f ree  Series  II  data 
for  the  same  case  were  consistently  much  lower  than  the  Series 
I  data;  at  low  Reynolds  number,  the  location  of  the  cavitation 
even  changed  from  the  leading  edge  to  mid-back  and  hinge-line. 

The  addition  of  transition  strips  at  the  leading  edge  is  seen 
to  have  improved  considerably  both  the  consistency  of  the  data 
and  the  agreement  with  the  wind  tunnel  -C^min  values.  Similar 

improvement  was  obtained  for  the  other  leading  edge  upper  sur¬ 
face  cases  with  the  addition  of  transition  strips.  The  situation 
is  also  generally  similar  for  the  leading  edge,  lower  surface 
cavitation  cases  shown  in  Figures  17,  18  and  19. 

For  the  mid-back  cavitation  case  shown  In  Figure  16 
for  0°a,  0°6,  there  are  again  systematic  data  available  for 
all  three  water  tunnel  test  conditions.  There  is  substantial 
agreement  in  the  inception  values  between  the  three  sets  of 
water  tunnel  data  although  these  are  consistently  lower  than 
the  corresponding  -C^min  values  from  the  wind  tunnel.  One  sig¬ 
nificant  difference  which  occurred  with  the  addition  of  trans¬ 
ition  strips  was  a  change  in  location  of  the  cavitation  from 
the  flap  hinge-line  to  the  mid-back  of  the  section.  Figure  22 
shows  the  appearance  at  cavitation  inception  for  this  condition 
at  a  Reynolds  number  of  2.5  x  106.  Visual  observation  shows 
that  the  leading  edge  beads  generated  macroscopic  bubbles  which 
s.-wept  aft  in  the  flow.  As  tunnel  pressure  was  reduced  to  reach 
the  critical  cavitation  number,  these  bubbles  expanded  suddenly 
to  give  the  conditim  shown.  There  is  no  mid-back  cavitation 
over  the  inner  2"  of  the  span  where  there  is  no  transition  strip, 
although  the  cavitation  has  spread  along  the  flap  hinge-line 
in  this  region.  Cavitation  at  the  ends  of  the  span  is  considered 
to  have  arisen  from  interference  effects  and  has  been  con¬ 
sistently  ignored. 

The  +l°a,  0°($  case  is  at  a  corner  of  the  cavitation 
envelope,  Figure  23,  where  the  origin  of  the  cavitation  changes 
from  mid-back  to  the  leading  edge.  Consequently,  the  probability 
of  premature  cavitation  at  the  leading  edge  due  to  the  presence 
of  the  transition  strip  is  comparatively  large.  Such  cavitation 
did  occur,  as  illustrated  by  the  'C*  strip  points  at  Re  *  1.27 
and  2.07  x  106,  shown  in  Figure  15.  The  condition  of  the 
cavitation  at  inception  is  illustrated  in  Figure  24  for  a 
Reynolds  number  of  2.5  x  106  and  transition  strip  D.  The  bright 
leading  edge  is  due  mostly  to  light  reflection  from  the  glass 
beads  but  some  cavitation  is  apparent.  Critical  cavitation 
number  for  inception  over  the  mid-back  was  clearly  defined  under 
these  circumstances  but  cavitation  from  the  beads  built  slowly 
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and  was  influenced  by  irregularities  and  deterioration  of  the 
transition  strips.  Improvement  in  the  technique  of  application, 
together  with  reduction  to  a  minimum  of  the  size  and  number  of 
roughness  particles,  may  substantially  decrease  the  magnitude 
of  discrepancies  arising  at  the  corners  of  the  cavitation  en¬ 
velope. 

The  cavitation  envelope  of  Figure  23  gives  an  overall 
picture  of  the  magnitude  and  significance  of  the  discrepancies 

found  in  the  experimental  data.  The  wind  tunnel  -C  min  values 

P 

are  plotted  as  a  solid  line  and  are  assumed  to  give  the  best 
estimate  of  the  cavitation  envelope.  The  transition-fixed 
water  tunnel  data  are  in  excellent  agreement  with  this  line. 

The  transition-free  water  tunnel  data,  on  the  other  hand,  give 
a  much  more  optimistic  estimate  of  cavitation  envelope  width  at 
low  angles  of  attack.  Since  low  angles  of  attack  are  typical 
of  sub-cavitating  hydrofoil  operation  at  high  speed,  this  dis¬ 
crepancy  has  Important  full  scale  implications. 


5.  CONCLUSIONS 
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The  ability  to  observe  cavitation  characteristics 
and  their  effect  on  the  forces  generated  is  the  great  advantage 
of  the  water  tunnel.  However,  the  small  size  of  the  model 
makes  high  profile  accuracy  hard  to  achieve,  and  measurements 
are  generally  more  difficult  to  make.  Perhaps  more  important 
is  the  effect  of  the  quality  of  the  water  flow.  For  water 
tunnel  cavitation  experiments,  the  nuclei!  content  and  flow 
turbulence  are  generally  considered  the  most  important  factors. 
In  the  experiments  discussed  in  this  report,  significant  dif¬ 
ferences  and  inconsistencies  occurred  in  the  section  charact¬ 
eristics  as  measured  in  the  wind  and  water  tunnels  and  between 
successive  series  of  water  tunnel  tests  on  the  same  model. 
Differences  in  the  free  stream  flow  characteristics  are  thought 
to  have  played  an  important  part  in  this. 


9 


The  16-309  section  is  very  susceptible  to  flow  separ 
atlon  near  the  trailing  edge  and  this  is  dependent  in  turn  on 
transition  to  turbulent  flow.  Despite  the  fact  that  It  Is  a 
"laminar  flow"  type  of  section,  turbulent  flow  conditions  are 
much  more  likely  to  prevail  under  the  practical  sea  conditions 
experienced  by  a  hydrofoil.  More  nearly  representative  charac 
teristics  are  therefore  obtained  in  the  wind  tunnel  with  the 
application  of  roughness  strips  at  the  leading  edge. 

In  the  water  tunnel  case,  turbulent  flow  over  the 
model  was  achieved  more  readily  than  in  the  wind  tunnel,  at 
least  in  Series  I  tests.  Nevertheless  there  were  significant 
discrepancies  between  the  water  tunnel  cavitation  inception 
characteristics  and  theoretical  characteristics,  as  indicated 
by  wind  tunnel  pressure  measurements.  These  discrepancies 
became  even  greater  for  Series  II  tests,  for  which  tunnel 
free-stream  turbulence  was  apparently  reduced  as  a  result  of 
modifications  and  improvements  to  the  tunnel  hydraulic  circuit 
Again,  application  of  roughness  strips  at  the  model  leading 
edge  resulted  in  the  achievement  of  cavitation  inception 
values  much  closer  to  those  indicated  by  wind  tunnel  tests. 

An  exception  was  for  angle  settings  close  to  the  corners  of 
the  cavitation  envelope,  where  the  pressure  envelope  is  com¬ 
paratively  flat  and  small  changes  to  the  leading  edge  profile 
can  prove  significant.  Even  here,  however,  refinements  in 
the  character  and  application  of  the  transition  strips  could 
probably  improve  the  results. 
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Angle  of  attack,  a:  At  least  every  1  degree  between 

a  *•  -4  deg.  and  a  ■  6  deg. 
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WATER  TUNNEL  EX P E R1MENTS.  SERIES  1 


The  spread  of  Reynolds  number  In  a  few  of  these  tests  wss  high,  some  being 
made  at  intermediate  values:  they  have  been  reported  in  this  table  at  the 
nearest  nominal  value. 
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Model  with  fairing  plate  installed,  ready  for 
installation  in  working  section. 


Fig.  2;  Water  Tunnel  Model 
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FIG.  3:  PROFILE  ERROR  MEASUREMENTS 


WIND  TUNNEL  SECTION  LIFT  CHARACTERISTICS 


5:  WIMP  TUNNEL  DRAG  CHARACTERISTICS 
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FIG.  6:  COMPARISON  OF  LIFT  CHARACTERISTICS 
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FIG.  7:  COMPARISON  OF  DRAG  CHARACTERISTICS 


UNCAVITATED  LIFT  COEFFT . - VS-REVHOLDS  NO 


26 


Fig.  22: 


0  °  n  0  °  6  Re  =  2.5  x  106 

Condition  at  Mid-Back  Cavitation  Inception 
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